Circular saw blades, either with carbide or diamond inserts, are customarily embedded in wood working machines once they permit a precise and efficient manufacturing of wooden products starting from rawshaped solid wood chunks or laminate panels, allowing efficient processes and improving the overall industrial quality and competiveness of the final product. However, the parameters associated with blade design must be defined with caution, aiming to avoid undesirable cutting performance and consequent relevant detrimental impacts on both processes and equipment. Thus, based on the literature, the present investigation intends to collect and gather a consistent information set regarding the effect of changes in tool design parameters on manufacturing, particularly in the case of wood machining by circular saw blades with reinforced tips. The general outlook provided aims at pointing out essential frameworks and practical guidelines for a better comprehension of the most adequate criteria to be used in the design and choice of tools for each specific manufacturing condition.
INTRODUCTION
A circular saw is basically a power-saw that adopts an abrasive disc with teeth and blades properly designed to cut materials through a rotational motion around an arbour. This simple, but efficient tool is able to process different materials such as metal, plastic and wood. In addition, it may be easily hand-held or installed on a machine tool.
Circular saws were born at the end of the 18th century and spread in sawmills quickly enough, confirming the advantage offered by their utilisation [1] .
Normally, the material part to be worked is fixed in a vise while the saw is slowly moved across it, but other solutions use a fixed saw with materials slowly advanced toward the saw blade. The teeth shape is especially designed for when a tooth strikes the material, the chips formed are driven out of the working area, preventing it from hindering the blade. The large variety of machines suitable for cutting by circular saw blades includes: universal circular saws; circular saws for longitudinal cutting (ripping); circular saws for transversal cutting (crosscutting); squaring with engravers; cutting with engravers; and portable circular saw blades (Figure 1 ).
Circular saw manufacturing processes are mainly characterized by: -cutting by teeth on the edge of a metal blade; -the cut has narrow kerf and relatively smooth surface finish; -cuts are straight and relatively accurate; -the saw usually leaves burrs on the cut edge;
Aiming at optimizing the process and its quality, circular saws are specifically designed taking into consideration the particular material they are destined to work. In wood manufacturing, for instance, tools are specifically optimized for providing cross-cuts, rip-cuts or a combination of both.
Furthermore, as a result of the constant demand for productivity increase (e.g. by improving cutting speed and lifetime) [2] , circular saw blades have been effected by never-ending changes in design. Currently, the latest technology for circular saw blades in heavy woodworking is represented by a hard metal core with polycrystalline diamond inserts that support the action of blades ( Figure 2) .
These tools allow a precise and efficient manufacturing of wooden products, both in the case of solid wood or laminate panels.
Even if focusing on the apparent simplicity of circular saw blades, it is also crucial to define all their design parameters with an extreme care. It is basically demonstrated, in fact, that slight modifications in these parameters could impact on relevant aspects of wood manufacturing such as process efficiency, surface finishing, tool durability, energy consumption, level of noise and many others. Even often unattended aspects like personal safety (e.g. high-speed projection of broken part of tools [3, 4] ) and environmental awareness (e.g. reducing wasted materials) could be also directly impaired in the case of inappropriate saw dimensioning. Not only limited to cutting tools, the risk could quickly fall back to the machine itself, given that an improper tool design provides unpredictable working conditions, especially related to temperatures, contact pressures, forces (intensity and direction) and vibrations. As consequence, producers oversize machine tools and users are asked to undersize their process parameters, where a significant efficiency improvement margin in the whole supply chain is merely disregarded due to poor design [5] . This investigation intends to collect the most relevant information available on the effect of manufacturing design parameters (such as thinness and diameter for circular saw, number, dimension and shape for blades) and main process parameters (feed rate, rotational speed, etc.) in the case of wood machining using circular saw blades reinforced by diamond or tungsten carbide tips.
LITERATURE OVERVIEW
Since the scientific and technical literature regarding wood processing and manufacturing of wooden products is considerably wide, the definition of a limited list of references can be quite challenging. Although, acknowledged masterpieces in this sector can be surely considered [6] [7] [8] [9] [10] [11] : all these books contribute to represent an introduction to wood engineering, starting from the essential principles of wood material science, passing by basic and advanced technologies and ending with a comparative discussion regarding the most relevant processes for wood-cutting.
Since these publications are several decades old, they can be conveniently used for a general overview about the argument and technology, while remarkable updates on the wood manufacturing processes is more recently proposed by [12] and [13] .
Approaching the main topics of the present paper, several investigations regard the use of cutting tools in wood manufacturing. In particular, a preliminary analysis on cutting forces on equipment and tools during machining is proposed in [14] and in [15] . The discussion starts from the basic elements, but continues presenting the real situation in several applications from ordinary industrial processes. In [16, 17] , the relation between strains and cutting force is investigated focused on a specific cutting processes and experiments. Beyond all the technical content expressed, it represents an example of the information available in similar papers, proposing specific analysis and potential solutions.
A different approach is [18] with the scope of merging information in practical models. In this case, a model able to envisage the cutting force during different phases of woodworking is described and represents a first step toward the development of a proper methodology for dimensioning tools and teeth in respect to the maximal stress they are subjected to.
Another aspect carefully investigated lately by researches is tool wear. A valid state of art regarding the overall phenomena of wear behaviour in tool during woodworking is represented by [16] while several analyses are focused on specific research topics, such as wear progression when polycrystalline diamond tools are used [19] , and the effect of high-temperature on wearing in the case of tungsten carbide tools [20] . Wear is obstructed, by different expedients, as reported in [21] , not only as a way to protect the cutting tool, extending its operational life and improving the general efficiency of the process, but also for a better quality of the final product.
When aiming for surface quality, it is usual to prioritize certain relevant parameters for selecting the most suitable cutting tool depending on the specific process applied. The correlation between the process parameters and their influence on the optimal cutting speed is an important aspect to provide efficient manufacturing [22] . Several studies investigate these aspects focusing on, for instance, the quality of the work piece surface when circular-saw blade presents irregular tooth pitch [23] . In this case, further researches permit the prediction of surface quality in machining only from the evaluation of tools and process parameters [24] [25] .
As depicted by [26] , the knowledge on wood processing is far beyond that currently available for metals, where general correlations between process parameters are established with the aim at defining the most appropriate cutting speed. Specific procedures for the design optimisation of tools are already developed for metal cutting, using the Taguchi method, for instance [27] . Various fields of investigations are approached in works such as [28] , where an active design is proposed for improving the precision of complex machine tools, or in [29] , where the effect of several design parameters are experimentally evaluated for circular saw blades with self-clamped cutting inserts. This deep level of comprehension of cutting phenomena permits to implement intelligent controllers on cutting machines, able to self-reconfigure the process parameters toward its complete optimisation [30] .
Regrettably, wood manufacturing is yet far away from that. It is evident that machining usually alters the shape, size and surface quality of wood, more than in the case of metals, for which several interesting studies are available, but the integration of this useful information in practical guidelines is missing.
In [31] , for instance, an exhaustive description of the influence on the process of the specific materials under processing is proposed for the case of medium-density fibreboard (MDF).
There is also literature specifically focused on circular saws, main object of the current investigation. In [32] , a stress/strain analysis of these tools is proposed with considerations based both on theoretical and experimental methods. Dynamic effects of circular saws are furthermore investigated in [33] , where the variation of natural frequencies is analysed in respect to the tool geometry and process parameters, and in [34] , where a nonlinear model representing the vibration of these thin tools is proposed.
In [35] , the critical rotational speed is estimated presenting a simple method for its measure together with considerations on practical effects. Accordingly, in [36] a review on relevant developments regarding thin circular saws is proposed with the scope to assure a control of vibrations.
In [37] , authors demonstrate a nonlinear vibration model of the woodworking band saw, and in [38, 39] the effect of the rotational speed on the natural frequencies of circular saw blades is analyzed proving the complex influence of slots on natural frequencies. 
USING A CIRCULAR SAW

Parameters List Definition
Limiting the investigation to the case of circular saw blades, as first step, a preliminary list of the key parameters used in the definition of tools characteristics has been realized along with their range of variation or typical values (Table 1 ). These parameters have been distinguished considering if referred to machining or tools.
Spindle speed
The spindle speed represents the frequency of the rotational movement of the spindle and it is measured in rounds per minute (RPM). Its range depends on the characteristics of the machine tool and its operational value is scarcely modulated during the manufacturing phases. Often, the machine tool is set at the highest spindle speed in respect to its design requirements for maximizing the productivity. At the same time, it is evident that the use of an appropriate spindle speed, different for each specific combination of material and tool, could significantly increase the tool life and improve the quality of the surface finish. Several investigations demonstrated that excessive spindle speeds may cause premature tool wear, breakages and tool chatter, all undesired phenomena which can lead to potentially dangerous conditions both for process and operators. As a consequence, the correct choice of the machine tool, with its related (and practically fixed) maximal spindle speed, represents an important technical factor to be properly considered.
The maximum spindle speed varies according to tool diameter with the intent of keeping the centrifugal forces under acceptable limits, given that as the rotational speed improves, the centrifugal force progressively increases. This relation can be extended to the tool diameter, once it is also directly proportional to the centrifugal force. In addition to the mechanical stresses, the centrifugal forces create undesired phenomena of instability and vibrations. As a consequence, beyond a critical threshold, the blade loses large part of its stiffness reducing the quality of cut and the life of the tool. Furthermore, a fast rotating blade can represent a dangerous situation for the operator, exposed to ejections of broken part of tools (e.g. tips) that emerge from the machine tool as high-speed projectiles.
The maximal spindle speed is suggested in Table 2 , evaluated in consideration of tool resistance to mechanical stresses and instability. 
Cutting speed
The cutting speed is the difference between the speeds of tool and the material, and can be considered the "most relevant single parameter" in the design of a tool or in its choose as suitable solution for a specific process. It has to be chosen considering the material from which the tool is realized, the inserts that constitute the cutting edges, the hardness of the material to be worked and the required level of finishing of the surface. In fact, the cutting speed is the main parameter that affects the working temperature and, therefore, the wear of the tool. To avoid heavy wear, hard materials are generally cut with low speeds reducing the stress between tools and surfaces. On the other hand, soft materials are typically worked with high speeds. During cutting, soft materials tend to demonstrate a kneading phenomenon, causing the removal of adhesion with the material and a strong loss of cutting effectiveness.
This phenomenon can be reduced, up to its elimination, increasing the cutting speed. The cutting speed, that in the case of circular blades coincides with the peripheral speed, can be calculated by geometric considerations according to the following expression:
where D is the diameter of the blade in mm and RPM represents the number of rounds per minute that define the speed of rotation of the tool. The chart below shows the trend of cutting speed in relation to the speed and the tool diameter (Figure 3 ). By this analytical confrontation, having at disposal the diameter and the recommended cutting speed, it is possible to determine the optimal number of rounds per minute (spindle speed). Similarly, it is possible to derive the diameter or the cutting speed by placing the other two parameters. Generally, appropriate values for cutting speeds are proposed in combination with the specific material under manufacturing, where burns and rough cuts might be experienced in the case of inappropriate cutting speeds and long-term usage. These values are recommended by the tool manufacturer and tabulated in the tool catalogues according to the hardness of the material. Table 3 lists some recommended values for cutting speeds as a function of the worked materials.
Starting from the materials to be machined (a choice made according to products' needs) and after defined a specific tool diameter (according to the available machine tool), the spindle speed should be chosen so that the corresponding cutting speed is within the limits given in the table. The same motivation could be used to recommend a rotation speed for a given diameter of the tool. In this case, starting from the desired material and spindle speed, it could be possible to determine the cutting speed achieved by the tool, where it is preferable to keep this value as constant as possible (same for the spindle speed). Since the optimization of the cutting mechanisms is a really tricky task, it seems more convenient to select a specific machine tool, fix both spindle and cutting speeds, and act guided by only the tools parameters. In other words, the optimization of the manufacturing process is mainly focused on the choice of the right parameters for tools for each given mac-hining operation. In practical terms, it means that a change in the cutting tools is a very recurrent operation in respect to the modulation of the working parameters in machines as a response to changes in production needs. At the same time, Figure 3 can be used to verify if proper machine working parameters have been chosen. 
Feed rate
The feed rate represents the speed at which the cutter is fed and advances against the material. It is expressed in units of distance per round and has a direct impact both on productivity and quality finishing. In general, the feed rate dependents on several aspects: type of tool; surface finish desired; power available at the spindle (to avoid stalling of workpiece or blades); stiffness of the structures and tooling setup (capability to tolerate vibration or chatter); strength of the workpiece (high feed rates will failure thin wall tubing); and peculiarities of the material under processing. In particular, the geometry of the tool edges and the density of materials under processing represent a combination of factors to be considered since their influence on the ability of the blade to evacuate the chips from the cutting area. Chip flow strongly depends on material type and feed rate.
The density of chips and, as consequence, their transportability, depend on the material to be machined, in particular by the type of chip produced and by the possibility to evacuate them. The ideal chip shape is small and breaks free early, carrying heat away from the tool and work area.
In general terms, the surface quality depends on several cutting parameters used to carry out the machining, together with several geometrical characteristics for tools (mainly related to layout, shape and size of the peripheral cutting edges).
Referring to the first aspect, the tool rotation combined with the linear advancement creates a ripple on the surface, which results in a higher final surface roughness. The surface quality primarily depends on the distance, the depth and regularity of grooves, but also on the diameter of the cutting edges, the number of rounds and the feed rate. Improving the feed rate without an appropriate rearrangement of the other parameters, like in the case of a quick response to a temporary peak of productivity, will drastically reduce the quality of the surface.
In woodworking, the ideal feed rate represents a relevant parameter, impacting at the level of processes and competitiveness. Ideally, the process must be slow enough not to bog down the engines or to limit the surface finishing, yet fast enough to avoid burning the material. Thus, the feed rate also becomes an important parameter in the design of high quality tools, defined as:
where z is the number of teeth while f z represents the feed per tooth, defined by:
This advancement of the tooth, usually named as feed per tooth (or chip load since it represents the size of chip that each tooth of the cutter takes) must not exceed certain values which depend on the tool type and the type of material to be machined. Table 4 lists the recommended values of feed per tooth for some materials. 
Material
Feed per tooth [mm/tooth] Leitz
Freud 
COUNTING ON TEETH
Teeth in simultaneous contact
It is essential that the blades and, in particular the geometry of their teeth, are properly dimensioned compared to the size of the panel, especially in respect to its thickness. During conventional cuts, blades have to cross the panel throughout its thickness while the tooth is following a trajectory based on an arc of circle (Figure 4). The projection of the blade regarding the work piece must be, at least, equal to the height of the tooth of the blade itself. A change in the projection, up or down, may affect significantly the quality of the finish. Another fundamental parameter for a correct cutting process is represented by the number of teeth in mesh (Zp) that are in simultaneous contact with the workpiece, representing the number of teeth able to cut the wood concurrently in the way to reduce the local stress in each area. It is common to have at least 3 or 4 teeth in mesh; with less than three teeth, the blade begins to vibrate, causing an uneven and poor-quality cutting. The correct value depends on several aspects, primarily on the hardness of the material under manufacturing. Improving the number of teeth (and tips) beyond a reasonable limit can burst the costs and complexity of cutting tools without any advantage for the process.
At the same time, it is important to highlight that the number of teeth is a relevant parameter acting on several aspects of the cutting process, not to be overlooked.
Once fixed the diameter (D) for the blade to maintain a good quality in the cut, it is necessary to decrease the number of teeth in accordance with an increase of the thickness (T) of the material. On the contrary, increasing the number of teeth would decrease the thickness of the work piece. This second rule arises from the need to evacuate the chips produced in machining: until the tooth is in mesh, the chip is seated in the recess formed in the blade at the base of the tooth. This condition determines the need to increase the space destined to housing temporary chip in the blade. A practical way for tooth dimensioning passes by the estimation of the pitch (p) between the teeth, equal to the distance between the teeth along the circumference of the blade, as following:
Basically, it is necessary to multiply the thickness of the work piece to approximately 1.41 and divide by 3, if it is believed that 3 teeth in mesh are appropriate for finishing, or by 4, if it is preferable to have an additional tooth in contact.
Considering that, in general, the following relation is also valid:
where Z is the total number of teeth in the blade, it is possible to obtain this value as:
considering the alternative case of Zp = 3 or 4. In practice, with the aim at obtaining a recommendation in the number of teeth for a circular saw blade, it is possible to multiply per 8 its diameter and divide per thickness of work piece. This result represents a valid suggestion for a standard cutting process with cuts made transversally to natural grains in the case of wood, chipboard, plywood and MDF.
This formula, leading to useful practical results as reported in Table 5 , has to be adapted in all the other cases, such as cuts along natural grains, softer or harder materials and presence of protective surfaces. 
Effective length of cut
The effective cutting length can be calculated using the geometrical features of the length of the linear cut, which is the path of the tooth during cutting through the panel being processed according to an arc of circumference pattern. The length of the path depends on the thickness and the geometry of the blade. This parameter can be useful to assess with great precision the actual duration of the sharpening of the cutting edges, taking into account the thickness of the material cut, while usually there is content to roughly estimate the length through sharpening the length of the linear cut. Several investigations propose a relationship between the linear length of cut and the effective length of cutting in reference to a single tooth of the tool, being possible to notice that teeth are very exploited when the feed per tooth is reduced. The optimal hook angle varies in accordance with the thickness of the workpiece: higher thicknesses infer higher angles for a proper cutting. It is worth to notice that positive hook angles (from 10° to 20°) induce efficiency in fast cutting and easy feeding, especially in ripping applications. At the same time, close to zero or negative hook angles (e.g. -2°) minimize climbing permitting a better control in cuts. There is not a well-determined relation between these two parameters and dimensioning is only possible based on previous experience. Usually, the highest values for the work piece are around 100 mm, equal to a stack of 5 panels with 20 mm each. For this thickness, a valid hook angle could be represented by 15°. Other common combinations of values for hook angle as a function of thickness are reported in the Table 6 . Thickness Hook angle  20  6°  40  8°  60  10°  80  12°, 13°  100 14°, 15°
The optimization of the hook angle is relevant for each particular material, since it can radically change the mechanics of cutting (Table 7) . For instance, negative hook angle helps prevent the blade from being too aggressive and pushes the work piece down and toward the fences, yielding an appropriate solution for hard materials. On the contrary, for softer materials, high values of hook angle are advised to improve the machinability.
In practice, a hook angle between 15° and 25° is adequate for soft and hard woods, including exotic woods. The higher is the hardness of the processed material, the lower the angles should be. A value between 5° and 15° is suitable, for instance, for chipboard and other soft wood laminates such as MDF. Hook angles between 0° and 5° are more appropriate for plywood or veneered, and sometimes less than zero for melamine bi-faced chipboard.
Negative angle like -10° are also quite common for harder subjects such as aluminium or other non-ferrous materials, even if used in combination with wood. 
Material
Hook Angle Softwood -Hardwood 15° -25° Chipboard, MDF 5° -15° Plywood, Veneered 0° -5° Melamine Faced Chipboard -5° -5° Aluminum Composites -10° -0°
Top Clearance Angle
The top clearance angle (or relief angle) can increase or decrease in accordance with the hardness of the material being machined. In the case of more than one material under process, a proper combination of values associated with their hardness has to be taken into account. Higher the hardness is, lower the top clearance angle has to be. This value has also to be changed in consideration of the thickness: consequently, after the proposition of an appropriate according to experiences that regard the effect of hardness, this value should be slightly corrected (limiting this correction to few degrees) in consideration of the thickness of work piece. The angle has to be increased in the case of thicknesses higher than 80-100 mm and decreased if lower than 20-40 mm.
Tangential Clearance Angle
The tangential clearance angle also changes with the hardness of the machined material. Harder materials need higher angles with the aim at avoiding chips on surfaces. It varies from 25° for relatively soft materials, up to 45° for harder ones.
The radial clearance angle is also an associative parameter (not estimable by theory or simulations) in relation with the thickness of the work piece. It varies from -1° in the case of thicknesses around 20-40 mm, down to -2° for 80-100 mm.
Tool Width
The width of the saw blade body (also called as plate) varies according to the overall width of the tool. The latter is determined by the specific manufacturing process and equipment used, whereas large plates assure tool stability and resistance. However, as previously detailed, the tool width is related with its diameter. It is not possible to define a strict connection between these parameters, but some values from experiences are proposed in Table 8 .
Land
The land is generally around 45-60% of the overall tooth size, but it can vary depending on the hardness of the material, where higher sizes for land correspond to higher hardness. Also in this case, the proper values can only be defined by experiences.
CONCLUSION
A practical procedure for the design and use of circular saw blades in woodworking is hereby proposed.
Circular saw blades, with carbide or diamond inserts, can represent the optimal solution in wood manufacturing since these tools permit fast and efficient cuts improving the process competiveness along the productive chain.
At the same time, several design requirements have to be considered with attention to avoid unpredictable impacts on relevant aspects of processes and equipment. This investigation provides useful information on the effect on manufacturing of the tool design parameters and main process parameters in the case of wooden materials and circular saw blades with reinforced tips. Considering the factual inexplicability ruling some of the main parameters of tool design in respect to process effects, a simplified methodology was proposed.
Data retrieved from specific experiments and common best practices in wood processing were also considered. Results are in line with the several funda-mental rules used for tools design usually applied by tool manufacturers or vendors.
Providing a general overview of the subject, this research has the scope to define a framework of rules, formulae and practical prescriptions able to provide a better understanding regarding the criteria used in the selection of the proper tool for each specific manufacturing condition. The present work provides a clear definition of the most relevant design parameters in tools design and handling, together with a sort of ranking regarding their relative importance for the quality of the final product, including the proposition of a list of suggestions to be used in defining the correct spindle speed and cutting speed to ensure the stability of the circular blade. These considerations are related to the diameter of blade and to the specific material under processing. Adding, it is noteworthy that the spindle speed is mainly dependent on the specific tool machine and the cutting speed can be gathered from that.
On the contrary, if the machine is not already available in the factory, a relation can be used for dimensioning the equipment as a whole according to the production target.
As following step, a method able to estimate the proper feed rate is also proposed, considering its close relation with the machining speed and the number of teeth. The selection of an adequate value depends on a compromise between high speed in processing, excellent surface quality and ability of the blade to push away the chips from the working area. This evaluation passes by the concept of teeth in simultaneous contact with the aim at correctly distribute the cutting forces on an appropriate number of teeth, thus reducing risky stress concentrations on blades or machined materials. Also, the effective length of cut was presented as an interesting way to estimate the endurance of the cutting tools.
Finally, some general considerations are presented related to the specific shape of teeth such as hook angle, top clearance, overall dimensions and their impact on the final cut.
